Microglia and macrophages are the main non-neuronal subsets of myeloid origin in the brain, and are critical regulators in neurodegenerative disorders, where inflammation is a key factor. Since HIV infection results in neurological perturbations that are similar to those in aging, we examined microglial and infiltrating myeloid subsets in the search for changes that might resemble the ones in aging. For that, we used the SIV infection in rhesus macaques to model neuroAIDS. We found that Sirt-1, a molecule that impacts survival and health in many models, was decreased in cell preparations containing a majority of microglia and myeloid cells from the brain of infected macaques. The role of Sirt-1 in neuroAIDS is unknown. We hypothesized that Sirt-1 silencing functions are affected by SIV. Mapping of Sirt-1 binding patterns to chromatin revealed that the number of Sirt-1-bound genes was 29.6% increased in myeloid cells from infected animals with mild or no detectable neuropathology, but 51% was decreased in severe neuropathology, compared to controls. Importantly, Sirt-1-bound genes in controls largely participate in neuroinflammation. Promoters of type I IFN pathway genes IRF7, IRF1, IFIT1, and AIF1, showed Sirt-1 binding in controls, which was consistently lost after infection, together with higher transcription. Loss of Sirt-1 binding was also found in brains from old uninfected animals, suggesting a common regulation. The role of Sirt-1 in regulating these inflammatory markers was confirmed in two different in vitro models, where Sirt-1 blockage modulated IRF7, IRF1 and AIF1 levels both in human macrophage cell lines and in human blood-derived monocytes from various normal donors, stimulated with a TLR9 agonist. Our data suggests that Sirt-1-inflammatory gene silencing is disturbed by SIV infection, resembling aging in brains. These findings may impact our knowledge on the contribution of myeloid subsets to the neurological consequences of HIV infection, aggravated and overlapping with the aging process.
Introduction
Microglia along with infiltrating macrophages are the main innate immune cells present in the brain, and are critical regulators of brain health. Microglia cells, which derive from erythomyeloid precursors in the yolk sac, and macrophages, which are originated later from myeloid precursors in the bone marrow (Ginhoux et al. 2010; Greter et al. 2015; Greter and Merad 2013) , differ in localization, longevity and functions (London et al. 2013 ), but share surface markers and the ability to respond to insults through the development of pro-inflammatory phenotypes Kierdorf and Prinz 2013; Prinz 2014; Prinz et al. 2014) . The inflammatory response in the brain plays a key role in neurotoxicity, but also in immune-regulation and regeneration, which may be detrimental to neuronal health in aging, and in response to chronic stresses such as misfolded proteins (e.g., Alzheimer's Disease) and HIV. Using Simian Immunodeficiency Virus (SIV) in rhesus macaques as a model of neuroAIDS, we examined the possibility that cognitive dysfunction and inflammation in neuroAIDS are associated to the development of characteristics that resemble aging in microglia and macrophage phenotype. While seeking the identification of regulatory pathways that are triggered by SIV infection in cells of the brain innate immune system isolated from the central nervous system (CNS), we found a profound decrease in the transcription levels of Sirt-1 (silent information regulator 1), which is a molecule involved in lifespan, were triggered by SIV infection (Chaudhuri et al. 2013) .
Sirt-1(silent information regulator 1) is an intriguing molecule, as it may be linked to mechanisms associated to health a n d a g i n g p h e n o t y p e s i n s e v e r a l e x p e r i m e n t a l models (Herranz and Serrano 2010b) . Pathways correlated to aging in humans include histone acetylation (Kumar et al. 2013) . In various organs, aging is also associated with inflammation and oxidative stress, and a decrease in the ability to perform tissue repair, all conditions that are also part of the pathogenesis in SIV and HIV infection. Sirt-1 belongs to the family of sirtuins, which are class III deacetylases, whose activity is nutrient-responsive and modulated by NAD+/ NADH ratios that change with respiratory activity. Thus, it has emerged as a key regulator of health and life span in several organisms (Frankel and Rogina 2006; Haigis and Guarente 2006; Kaeberlein et al. 1999; Rogina and Helfand 2004; Tissenbaum and Guarente 2001) . In mammalian cells, DNA damage triggers Sirt-1 redistribution to DNA breaks for repair, resulting in transcriptional changes that are similar to those in the aging mouse brain (Oberdoerffer et al. 2008) . It also modulates non-histone substrates involved in transcriptional regulation (Zhang and Kraus 2010) . In addition, increased Sirt-1 expression promotes survival in a mouse model of genomic instability and suppresses age-dependent transcriptional changes. Thus, redistribution of Sirt-1 and other chromatin-modifying proteins due to DNA damage may be a conserved mechanism of aging in eukaryotes (Oberdoerffer et al. 2008) . Sirt1 regulates transcription factors that function in cell metabolism, growth, differentiation, survival, apoptosis, or stress response, and, in inflammation. For these reasons, it has a protective role on age-associated pathologies, such as neurodegenerative diseases (Herranz and Serrano 2010a; Herranz and Serrano 2010b; Palacios et al. 2010) . It is also a positive regulator of telomere length and DNA repair (Palacios et al. 2010) . Sirt1 is induced by Egr1, which we also have found to be decreased in association with SIV encephalitis (SIVE) (Gersten et al. 2009 ). The role of Sirt1 in neuroAIDS has not been explored.
Chromatin consists of DNA wrapped around histones, and acetylation may promote chromatin expansion. Thus, DNA expression is in part regulated by histone acetylation and deacetylation. Given the role of Sirt-1 in this process described above, we asked what is the relationship between Sirt-1 and pathogenesis. We predicted that SIV induced changes in the Sirt-1 mediated epigenetic regulation, under the hypothesis that Sirt-1 could negatively influence the expression of several molecules, and be responsible for repressing, among other targets, pro-inflammatory genes as well as genes that maintain the CNS physiological balance, and as a result, preventing pathogenesis. On the other hand, we predicted that changes in the Sirt-1 mediated gene regulation could be triggered in the CNS by the infection, derepressing critical inflammatory genes in a process that may have commonalities with the aging brain. Thus we investigated the implications of changes of Sirt-1 transcriptional levels and activity in predominantly innate immune cells isolated from the infected brain, especially regarding the resulting pro-inflammatory phenotype that may result from the unrepressing of inflammatory promoters.
These questions are important because in mouse studies the lack or decrease of Sirt-1 has a profound impact on survival. In addition, the Sirt1−/− mice that survive to adulthood exhibit abnormal metabolic rates, elevated rates of spontaneous activity, decreased fertility, elevated autoimmunity, osteoarthritis, and compromised cognition (Boily et al. 2009; Boily et al. 2008; Bosch-Presegue and Vaquero 2011; Bosch-Presegue and Vaquero 2013; Gabay et al. 2013; Gagarina et al. 2010; Herranz and Serrano 2010b; Kolthur-Seetharam et al. 2009; Lemieux et al. 2005) . These are characteristics of aging that are also found in HIV-infected individuals at various degrees. Given the role of Sirt1 at maintaining gene silencing through histone deacetylation, identifying which genes are affected by the presence and activity of Sirt-1 seemed critical. Therefore, using ChIP and NextGen sequencing, we have identified Sirt-1 genome-wide targets in microglia and myeloid cells isolated from controls, SIV-infected with mild or without inflammatory CNS pathology (SIV), defined by the absence or low frequency of mononuclear infiltrate, and SIV-infected with CNS pathology (SIV encephalitis, SIVE) brains, defined by the abundance of perivascular and parenchymal inflammatory infiltrate, as well as the presence of multinucleated giant cells. A list of molecular targets with a described role in inflammation was generated, and the increased expression of these Sirt-1 target molecules was confirmed in the infected brain tissue. Thus, there were dynamic changes of Sirt-1 levels and binding to chromatin after SIV infection, which may be critical in the control of inflammation, through epigenetic mechanisms. Due to the role of Sirt-1 in the aging process, we examined the potential for the same Sirt-1 target molecules to be involved in the Binflammaging^. The results may have implications to the current overlapping and synergism of HIV infection with the normal aging process, ultimately aggravating CNS disorders in the aging HIV+ population.
Results
Using qRT-PCR, we found that Sirt-1 is strongly downregulated by SIV infection in brain cell suspensions composed of a majority of microglia and innate immune myeloid subsets ( Fig. 1) , even in animals without CNS disease, and more in cases of spontaneous development of encephalitis (SIVE) (Fig. 2) . The transcriptional decrease in Sirt-1 levels was not detected in whole brain samples (not shown), but only in the mononuclear cells isolated from the brain, which were highly enriched for innate immune CD45LCAlow CD11b + microglial cells (~85%), suggesting that this phenomenon is highly associated to the innate immune compartment of the CNS in the context of infection. Infiltrating macrophages (CD11b + CD14+ CD16+), present both in controls and in SIV animals, were enriched from 2 to 6 fold in SIVE animals compared to SIV (Fig. 1c) , along with brain viral load (Fig.  1a) . In gene arrays performed in the brain cell isolates, we identified a down regulation of several of the Sirt-1 molecular gene partners and co-regulators, such as HEY2, DBC-1 and others, suggesting potential changes in Sirt-1 activity (Fig.  2a) . The decrease of the important Sirt-1 molecular partners, DBC-1, EZH2, DOT1L and HEY2, was confirmed using qRT-PCR on isolated microglia cells from controls, SIV and SIVE animals (Fig. 2b) .
Given the demonstrated role of Sirt-1 in lifespan and aging, controlling gene expression by histone deacetylation at the chromatin level, we investigated the hypothesis that in SIV infection a Sirt-1-regulated gene network may be involved in producing phenotypic changes in innate immune cells of the CNS, which are associated to the development of an inflammatory environment, and that may resemble the phenotype found in the aging population. To understand that, we used Chromatin Immunoprecipitation (ChIP) and NextGen ChIP- sequence (Oberdoerffer et al. 2008 ) to investigate genomewide Sirt-1 binding targets, in the cell preps from control and SIV-infected macaques, and the changes produced by infection were compared in animals that exhibited or not severe encephalitis, as defined by a detectable increase in infiltrating inflammatory cell foci both perivascularly and in the parenchyma at histopathology, and expressing innate immune and myeloid markers such as CD163, which correlate with CNS inflammation (Fig. 1e, f and g ). After the identification of relevant Sirt1 targets in chromatin, we further investigated the protein expression and distribution of selected candidate molecules in the brain of uninfected but aging monkeys (>19 years old).
The differences of Sirt-1/promoter binding between Controls, SIV and SIVE were analyzed in depth for the identification of molecular candidates in correlation with the inflammatory etiology of neuroAIDS. ChIP-Seq revealed that the binding of Sirt-1 to gene targets suffers a drastic shuffle after infection (SIV), and that the gene targets largely differ in animals with encephalitis (SIVE) compared to animals with mild or no signs of inflammation (SIV). Figure 2a shows the number of gene targets in uninfected Controls, SIV and SIVE animals, illustrating the strong dynamic of Sirt-1 binding to gene targets. With a focus on in-promoter, upstream gene sequences where Sirt-1 enrichment was noted, we have identified changes of abundance and of chromatin-binding localization. Interestingly, the number of Sirt-1-bound genes increased in brain cell isolates from SIV infected macaques. On the other hand, in encephalitis there was a significantly decrease of genes with Sirt-1-binding activity, which occurred in correlation with a lower Sirt-1 transcription. Consistently, gene promoters from which Sirt-1 binding was observed in controls but lost with infection were annotated to inflammation, cell cycle and tumorigenesis. Intriguingly, in controls, Sirt-1 showed binding to the exons of NR3C2 and Lamin A (LMNA), both markers of aging in human brains (Kumar et al. 2013) , and this binding was lost in infected microglia, suggesting that Sirt-1 is a potential silencer of these and probably other aging markers.
Compared to controls, SIV-derived cells had a 29.6% increase in the number of genes found to have Sirt-1 binding, while SIVE-derived cells showed a 51% decrease, making up to a 75.3% decrease in genes showing Sirt1 binding compared to SIV (Fig. 3a) . In addition, Sirt-1 binding was highly redistributed, with only 10.6% of conserved binding sites across groups (Fig. 3) . The shuffling, together with the changes in Sirt-1 activity produced by the infection, generated different binding patterns (Fig. 3b) , where genes with a potential role in early stages of inflammation, were located in the fraction with high Sirt1 binding in controls, and lost after Fig. 2 Decrease in transcription of Sirt-1 and of molecules associated to its activity was identified using a systems biology approach applied to gene expression profile data from microglia cells that were isolated from SIV-infected compared to uninfected macaques. Biogrid was utilized to identify high score modules using a cut-off of 3 significantly changed neighboring genes, as previously described (Gersten et al. 2009 ). a) Sirt-1-centered node generated J Modules pathway analysis based on Biogrid, upon comparison between Control and SIV microglia. Green color shades represents down regulated genes and red color shades represent upregulated genes. Squares represent genes that are significantly changed (p < 0.01). b) The changes in mRNA transcription of Sirt-1 molecular partners were confirmed using SyBr Green qRT-PCR. Values were normalized against the expression of GAPDH. *p < 0.05 compared to controls infection, both in SIV and in SIVE (Fig. 3b ). Cluster analysis pointed to a number of processes associated to regulation of inflammation. The genes that presented Sirt-1 binding motifs in controls were involved in several pathways that are also potentially disturbed in aging (Table 1) , including cancer, innate and adaptative immune responses, energy balance and circadian rythmicity, suggesting a role for Sirt-1 as a silencer and regulator of a number of pathogenic processes.
For validation of the involvement of Sirt-1 regulated gene network in SIV-induced CNS pathogenesis, we have prioritized genes where Sirt-1 was bound to in-promoter regions in control microglia, but this binding was decreased or lost in SIV, and in SIVE-derived microglia. In addition, we have focused on genes that have a demonstrated role in inflammation in other models (Table 2) . Importantly, we have examined the expression of the genes putatively regulated by Sirt-1 in gene arrays, and they were mostly confirmed to be upregulated by SIV infection and even more in SIVE, in correlation with the loss of Sirt-1 binding (Table 2) .
Of the genes in Table 2 , we have prioritized the examination of AIF1, IRF7 and IFIT1, due to the involvement of these molecules in inflammation, and also a potential involvement in aging.
One gene promoter where Sirt-1 binding was found in controls, but significantly lost in SIV and SIVE, is AIF1 (Iba-1) (Fig. 4a ). AIF1 is a molecule that defines functionally activated microglia (Schwab et al. 2001) , validating our hypothesis of upregulation of Sirt-1 targets on microglia cells after infection. The increase of AIF1 (Iba1) expression has been extensively documented by us and by others (Burudi et al. 2002; Roberts et al. 2004a; Roberts et al. 2004b; Roberts et al. 2003 ) (see Table 2 ). By IHC, cells with a strong AIF1 staining were detected in correlation with inflammation, after SIV infection ( Fig. 5a d and g ). AIF1-positive microglia cells were also identified in uninfected monkeys at late age (>19 years old) (Fig. 5j) .
The IRF7 sequence (NM_001136100.1) in chromosome 14, was characterized by strong Sirt-1 binding peaks to the promoter region in control animals ( Fig. 4b ), but these were decreased by 50% after infection both in animals with and without encephalitis, suggesting this as a putative gene silenced by Sirt-1 in healthy animals and un-repressed following infection. Indeed, the expression of IRF 7 was increased after infection both in SIV and SIVE (Table 2) . IRF7 is an important marker of inflammation in the brain, as it has been involved in the transcriptional activation of several virus-inducible genes, especially IFN alpha (Honda et al. 2005b ). In the context of HIV, IRF7 is at the basis of the modulation of Interferon-induced genes (Kim et al. 2013 ). In addition, overexpression of IRF7 has been shown to be associated to higher HIV replication (Sirois et al. 2011) . In the macaque model of neuroAIDS we have confirmed changes of IRF7 levels in the brain tissue of SIV-infected macaques both by qPCR, and by IHC. Positive IRF7 staining was associated to the surface and processes of cells with morphology of microglia, but also of neurons. After infection, IRF7 enrichment was detectable in these cells, and also in association with the presence of inflammatory infiltrate (Fig. 5b , e and h). IRF7-positive cells were also detected in uninfected old macaques' brains, at a higher frequency than in young controls (Fig. 5k ), but in cells with morphology of neurons.
The next gene promoter with a strong Sirt-1 binding motif in controls was IFIT1 (M_001068535.2) (Fig. 4c ). This molecule is an important pattern recognition receptor that can control, Red is SIV and Green is SIVE. Sirt-1 binding peak intensity shows the distinctive binding patterns and dynamics. We have focused on genes that showed Sirt-1 binding in controls, and decreased binding in SIV and SIVE sense viral genomic 5′-triphosphated RNA, and is a nonspecific anti-viral factor triggered by IFNs (Yan and Chen 2012) . In the SIV/macaque model, we found IFIT upregulation in microglia of SIVE (Table 2) , which was confirmed by IHC (Fig. 5) . IFIT1-positive cells were more frequent after infection ( Fig. 5c and f) , but highly upregulated in SIV, in cells localized in the perivascular domain (Fig. 5i) . This finding is contrasting with other findings in the literature, showing that IFIT1 is upregulated in HIV+ elite controllers (Krishnan et al. 2014) , or in cancer patients, where high levels of IFIT1 Table 1 Pathway analysis of Sirt-1 target genes in control microglia. Genes with Sirt-1 binding peaks identified in control microglia were subjected to DAVID Bioinformatics resource v6.7 for pathway value identification, as described (Huang et al., 2009; Huang et al. 2007 correlate with improvement following treatment (Danish et al. 2013) . On the other hand, it has been shown that a high expression of IFIT1 in areas of the brain is a marker of aberrant IFN response in aging (Baruch et al. 2014) . In fact, cells that were positive to IFIT1 were identified in old, uninfected macaques (Fig. 5l) , both perivascularly, and in the parenchyma. Importantly, IFIT1 has been identified as a key enhancer of innate immune function (McDermott et al. 2012 ). IRF1-positive staining was very pale, and we did not detect changes in the staining pattern in SIV or SIVE, compared to Controls. The transcriptional upregulation of molecules putatively regulated by Sirt-1 was confirmed by qRT-PCR (Fig. 6) . The Sirt1-mediated control of those inflammatory targets was examined in non-infectious models, using both THP1 myeloid cell lines stimulated with CpG Oligo-deoxynucleotides (CpG ODN), a TLR9 agonist with pro-inflammatory effects, and primary human monocytes stimulated with the HIV Tat peptide, which has a reported effect on inflammatory gene transcription (Carvallo et al. 2017) . These in vitro models verified the consistency of the ability of Sirt-1 to modulate the transcriptional expression of inflammatory markers prioritized in this study.
Human THP1 cells are an innate immune myeloid cell line that can be induced to express AIF1, IRF7, and IFIT1, as well as other genes that had Sirt1 binding, such as IRF1, with a 24-h incubation with the TLR9 agonist CpG ODN. The incubation of THP1 cells with a Sirt-1 blocker, Sirtinol, significantly enhanced the transcription of AIF1, IRF7 and IRF1 (Fig. 7) , but a decrease in the expression of IFIT1. The increased transcription of AIF1, IRF7 and IRF1 by Sirtinol were above the induction caused by CpG positive control. Moreover, Sirtinol further increased the CpG-induced stimulation of these genes. These findings inform of a role of Sirt-1 as a silencer and modulator of innate immune inflammatory genes, and a potential role for TLR signaling in the induction of changes in Sirt-1 activity.
A similar trend was identified in a normal donor primary human monocyte system used to further examine the capacity of Sirt-1 to silence these markers. For that assay, CD14+ monocytes were magnetically isolated from normal donors blood (4 males and 3 females). The cells were stimulated for 24 h with CpG ODN, or HIV-1 Tat peptide, with or without Sirtinol, and compared to unstimulated controls, in triplicates (Fig. 8) . Sirtinol further increased the CpG-induced expression of AIF1 in 4 of the 7 subjects, but decreased in one of the 7 individuals (p = 0.046, repeated measures ANOVA; pairing effect p = 0.0113, R2 = 0.301, F = 2.586) (Fig. 8a) . IRF7 (Fig.  8b) and IFIT1 (Fig. 8c) were both further increased by Sirtinol in CpG-stimulated cells from 4 of the 7 subjects (IRF7 p = 0.0131, repeated measures ANOVA; pairing effect p = 0.0053, R2 = 0.36, F = 3.495) (IFIT1 p = 0.08, repeated measures ANOVA; pairing effect p = 0.0136, R2 = 0.25, F = 2.07). IRF1 was not detectable in human peripheral cells. These genes may be kept under control by Sirt-1 and are expected to become unrepressed in association with infection-driven CNS pathology
Tat had no significant effect in the expression of most genes, in the majority of the tested individuals, regardless of Sirtinol. The treatments did not affect the transcription of Sirt-1 (Fig.  8d) . However, the data suggests that TLR signaling may be important to modify Sirt1 activity in the active infection.
Discussion
We identified dynamic changes of Sirt-1 binding to inpromoter chromatin regions that correspond to genes involved in inflammation after HIV/SIV infection. It is interesting that the number of Sirt-1-bound genes was increased with SIV infection in preparations where the large majority of the cells (>85%) corresponds to microglia, in animals with mild or no signs of inflammation, in spite of the transcriptional decrease of Sirt-1. This suggests that a boost on Sirt-1 activity may not depend on transcription or on neo-production of that molecule, but perhaps on the levels of other molecules that partner with Sirt-1 to aid on its activity, such as methyltransferases. This possibility remains to be examined. It is also interesting that there was a drastic shuffling on the Sirt-1 binding targets caused by the infection, and that the collection of Sirt-1 targets is largely different in encephalitis. In vitro, the HIV Tat peptide, which is known for its ability to stimulate transcription, was not able to induce a similar effect on innate immune cell systems, while and agent that stimulates TLR9 signaling did. It is known that one of the factors in the recruitment of Sirt-1 is DNA damage (Wang et al. 2006) , which is certainly a factor in non-neuronal cells of the brain upon SIV and HIV infection (Wiley et al. 2000) . However, this adds a random element to the loss of Sirt-1 silencer activity to favor its repositioning aiming at repair, with the production of a range of outcomes, beneficial, but also potentially detrimental (Song and Surh 2012) . Following the identification of genome-wide targets of Sirt-1, we have generated a list of Sirt-1-controlled molecules with the potential of affecting microglia and myeloid cells towards inflammation in the context of SIV infection, and in a way that resembles the aging process ). The Sirt-1 regulated candidate genes were prioritized based on their relevance in the development of an inflammatory process, and may not be simply part of an adaptive microglial response to SIV, but because they become chronically upregulated, there may result in adverse consequences for neurons and/or synapses. These genes were AIF-1, IRF7, IFIT1, and IRF1. We confirmed the increase of AIF1, IRF7 and IFIT1 in the tissue of SIV-infected macaques, and also in the brain of old, uninfected macaques, suggesting a common ground. Interestingly, we did not observe Sirt-1 binding to any of these genes in pre-frontal cortical samples from the aging macaques (data not shown).
AIF1 (also known as Iba-1) is a highly conserved EFhanded, putative calcium binding peptides, which is a sensitive marker of microglial activation, and helps define functionally activated microglia (Postler et al. 2000; Schwab et al. 2001) . AIF1-upregulation is part of the early microglial response leading to activation and a b c proliferation, essential for the acute as well as chronic response to CNS injury (Schwab et al. 2001) . Sirt-1 binding was decreased by SIV, in correlation with transcription and with the augmentation of the protein on microglial cell surface.
Similarly, IRF7 is involved in the transcriptional activation of various virus-inducible genes, especially IFN alpha (Honda et al. 2005b ). IRF7 becomes activated by innate receptor signaling, such as TLR3, 7, 9 and RIG-I (Ning et al. 2011) , resulting in translocation to the nucleus and induction of type I IFN (Seth et al. 2006) , which leads to further induction of IRF7, so creating a feed-forward loop to amplify production of type I IFN. Mice lacking IRF7 are deficient in type I IFN responses and consequently lack innate responsiveness to viruses (Honda et al. 2005a; Honda et al. 2005b; Honda et al. 2005c) . Sirt-1 is bound to the IRF7 promoter in microglia and the binding is highly decreased in infected macaques. This correlates with the upregulation of IRF7 in infected mice, both transcriptionally and at the protein level in the brain, associated to cells with macrophages and activated microglia morphology. In SIV-infected animals, the IRF7-expressing cells are both diffuse and in perivascular clusters, which are more frequent in animals with encephalitis. There is the possibility that infiltrating cells that do not have Sirt-1 binding to the IRF7 promoter contribute to the observed reduction associated to the infection. However, the decrease in Sirt-1 binding to the IRF7 promoter due to SIV was around 40%, which is Fig. 6 Transcription of putative Sirt-1 regulated genes in microglia from SIV-infected macaques. Isolated microglia cells from controls and SIVinfected macaques were used to examine the transcriptional expression of AIF1, IRF7, IFIT1 and IRF1, using SyBr Green qRT-PCR. Values were normalized againt the expression of GAPDH. *p < 0.05 compared to controls significantly higher than the contribution of infiltrating cells to the brain-derived cell isolate, in conditions of mild inflammation. This suggests that there is loss of Sirt-1 binding from the IRF7 promoter. A comparison of the Sirt-1 binding pattern between infiltrating, perivascular and parenchyma populations could be instrumental to determine whether Sirt-1 regulation is more inherent to resident cells. In the brain, the expression of IRF7 in injury has been predominantly associated to innate immune and glial cells (Khorooshi and Owens 2010) , but in aged animals, the IRF7-staining was also associated to cells with neuronal morphology, suggesting that there are cell specific differences in the expression of this gene, regarding the Sirt-1-mediated control of inflammatory gene expression or other cell-specific regulatory factors that were not explored here.
Another gene that raised our interest was IFIT1, which is a type I IFN-responsive recognition, highly conserved pattern receptor, with an ability to sequester viral particles in infected cells (Pichlmair et al. 2011) , and initiate transcription (Hui et al. 2003) , being therefore an important component in infection.
In the other hand, it has been described as a predictor of cancer (Weichselbaum et al. 2008) . Interestingly, IFIT1, together with IRF7 and IFNb, has been suggested to be upregulated by aging in correlation with negative brain performance (Baruch et al. 2014) . The binding of Sirt-1 onto the IFIT1 promoter was completely lost in SIV infection, and was also not observed in samples from aged macaques' frontal cortex. As expected, we observed the transcriptional upregulation and the presence of IFIT1-positive cells, with myelomonocytic morphology, both in SIV and in the brain of aged macaques.
We have confirmed the regulation of IRF7 and of AIF1 by Sirt-1 as a silencer in vitro, using inhibition of Sirt-1 deacetylase activity by Sirtinol, in human macrophages. The upregulation of IRF7 and AIF1 in the presence of Sirt-1 Fig. 7 Sirt-1 modulates transcription of inflammatory genes in macrophages. Cells of the THP1 macrophage cell line were stimulated with 6μg/ml of CpG ODN, and/or the 100uM of the Sirt-1 inhibitor Sirtinol for 24 h. RNA was extracted from the cell pellets for determination of AIF1, IRF7, IFIT1 and IRF1 using SyBr Green qRT-PCR. Values of 3 independent experiments were normalized against the expression of GAPDH. P values represent results from Bonferroni's posthoc test, which followed ANOVA Fig. 8 Sirt-1 affects transcription of induced inflammatory genes in human peripheral blood monocytes. Blood monocytes isolated from normal peripheral blood were stimulated with 6μg/ml of CpG ODN, or HIV-1 Tat peptide (10 ng/ml), and/or the 100uM of the Sirt-1 inhibitor Sirtinol for 24 h. RNA was extracted from the cell pellets for determination of (a) AIF1, (b) IRF7, (c) IFIT1 and (d) Sirt1 using SyBr Green qRT-PCR. Values of 6 independent experiments, each one performed in triplicate, were normalized against the expression of GAPDH. Individual subject sample behaviors can be observed, as different donors have been displayed with different colors. Circles are males and triangles are females. P values represent results from repeated measures ANOVA inhibitor was higher than upon stimulation with the positive control CpG ODN, which suggests that the inhibition of Sirt-1 unrepresses genes of the inflammatory response to reach a maximum transcription threshold. On the other hand, IRF1 and IFIT1 were not affected by the blockage of Sirt-1 activity, suggesting that other control layers may be operating.
The question that remains to be examined relates to the specificity of Sirt-1 to histone substrates, given that the randomness of the Sirt-1 binding and regulation does not seem to be as high as expected. While NAD-dependent, Sirt-1 activation is susceptible to changes in the energy balance and in the redox environment (Circu and Aw 2010; Imai et al. 2000a; Imai et al. 2000b ). In addition, DNA damage is a potent recruiter of Sirt-1 binding. These could explain the increased number of genes experiencing Sirt-1 binding in microglia from infected macaques, in spite of the transcriptional decrease. The Sirt-1 binding towards target promoters seems to be restricted to histones that bear lysine residues at specific positions, such as H1 (K26), H3 (K9, K14), and H4 (K16) (Imai et al. 2000a; Imai et al. 2000b; Vaquero et al. 2004) . Conversely, H3K9 and H4K16 acetylation is increased in Sirt−/− MEF cells (Wang et al. 2008 ). On the other hand, loss of H4K16 acetylation is commonly observed in human cancers (Fraga et al. 2005) , leading to the question whether this is due to Sirt-1 activity or failure on the acetylation process that provides substrate for Sirt-1 silencing activity. In yeast, increase in H4K16 acetylation is concomitant to a decrease in Sir2 (SIRT1) protein, causing reduced transcriptional silencing (Dang et al. 2009 ). A similar mechanism may be associated to the severe encephalitis associated to disease progression. Other Sirt-1 substrate is the H3K56 acetylation, mediated by p300, and induced by DNA damage (Vempati and Haldar 2012; Vempati et al. 2010 ), particularly at the Bclaf1 promoter, thereby reducing T cell activation and promoting immune tolerance (Kong et al. 2011; Vempati et al. 2010; Zhang et al. 2009 ). Thus, H3K56 deacetylation may play a role in immune function.
Attempts to identify Sirt-1 substrate specificity have been made in vitro without success (Blander et al. 2005) . However, stereospecific catalytic preference for L-AcK versus the Disomer has been demonstrated (Jamonnak et al. 2010) . In fact, crystal structures of several sirtuins have revealed a highly conserved catalytic domain (Sanders et al. 2010) , where NAD+ and acetyl-Lys enter from a cleft between a Rossmann fold domain and a smaller, structurally more variable Zn2 + −binding domain. The peptide binding grooves are architecturally conserved but exhibit isoform-specific features such as charge distribution and shape details. Although certain sirtuins appear to lack sequence specificity, most studies find sirtuin selectivity for substrates with certain residue types around the deacetylation site (Cosgrove et al. 2006; Garske and Denu 2006; Smith et al. 2011 ). Sirt-1, for instance, has a preference for polar, mainly positively charged residues surrounding the deacetylation site, with non-charged residues inserted at positions +2, +3 and −2, correlated with the hydrophilic Sirt1 peptide binding groove, negatively charged on the bottom (Rauh et al. 2013) . Thus, there is some specificity to the choice of silenced target genes, especially in uninfected controls, but other layers of biochemical histone modifications in particular positions, acetylations and methylations, which precede the regulation by this molecule, may be enhanced in the infected brain, particularly in cells that become activated such as microglia, and explaining a spectrum of outcomes. Curiously, a relative consistency of targets is observed, likely due to the consistency of the cell activation process and receptor-triggered pathways that precede transcription.
A role for Sirt-1 in the brain has been proposed, in controlling blood brain barrier proteins and HIV infection in pericytes (Castro et al. 2016 ). On the other hand, a potential ability of microglial Sirt-1 to control the onset of cognitive decline by affecting microglia and brain inflammatory components has been observed (Chen et al. 2005; Cho et al. 2015) . Our results endorse a role for Sirt-1 in brain homeostasis, and offer a mechanism to explain HIV neuropathogenesis. It is important to acknowledge that cell preparations such as the ones used in this study, contain a small (<10%) number of cells of subtypes other than microglia, such as CD8 T cells and Natural killer cells, as reported by us in previous studies (Marcondes et al. 2001; Marcondes et al. 2010; Marcondes et al. 2015; Marcondes et al. 2006; Marcondes et al. 2003; Marcondes et al. 2008; Marcondes et al. 2013 ). However, changes in these minor populations, although meaningful, are also only detectable in the isolated subsets. Conversely, the changes that we have observed in this study by enriching the microglial/ myeloid cell pool were not observed in whole brain tissue preparations (not shown). This suggests that subset-specific changes can be missed by whole tissue approaches. This also points to the necessity of a future examination of Sirt-1 binding patterns in minor immune cell subpopulations from the brain. It is also important to acknowledge that animals with SIVE have a higher viral load and faster disease progression compared to SIV animals (Bortell et al. 2015) . Whether differences in the epigenetic control of gene expression by Sirt-1 and its associated factors, in other pathways could contribute to this effect, remains to be established. Our analysis suggests that innate immune activity, viral control and disease progression are tightly linked to aging.
Here, we have identified changes in Sirt-1 binding to chromatin of brain microglia and myeloid cells caused by SIV infection that can explain important transcriptional changes in the brain of infected subjects, including the development of inflammation. We found Sirt-1-regulated genes that reportedly participate in inflammatory processes, as negative regulators of viral entry, but that can be involved in neuropathogenesis in the chronically infected brain. The upregulation of these same inflammatory genes in the brain of aging macaques suggests that there are common mechanisms between the inflammatory process during infection and aging, with a potential link established both by the recruitment of Sirt-1 to other sites upon chromatin remodeling and DNA damage, and loss of the ability of Sirt-1 to repress key targets. The molecules described here to be under Sirt-1 control may be confirmed as markers of CNS aging induced by the infection, in macaques and in humans. The results suggest that the molecules regulated by Sirt-1, are critical in the development of an inflammatory environment in the CNS and may be important markers of the CNS aging-like phenotypes induced by SIV.
The changes in Sirt-1 activity, and the meaning of the dynamic rearrangement of Sirt-1 binding to specific gene promoter histone targets, suggests a mechanism for controlling phenotype upon microglia/macrophage activation, through a mechanism that is similar in aging. This study offers evidence of a role for Sirt-1, a molecule involved in aging, specifically in microglia/myeloid-rich cell populations and CNS inflammation following HIV infection of the brain, triggering changes that resemble and may be common to the ones occurring in the aging brain. The implications of these findings for the increasingly aging HIV+ population remain to be examined.
Methods
Monkeys and SIV Infection All experiments had the approval from the Institutional Animal Care and Use Committee of The Scripps Research Institute and University of Nebraska, and followed National Institutes of Health guidelines. SIV-negative, simian retrovirus type D-negative, and herpes B virusfree rhesus macaques with and average of four years old, were purchased from Valley Biosystems (West Sacramento, CA). From the animals infected with a cell-free SIV stock derived from SIVmac251 Watry et al. 1995) , four exhibited a regular course of infection (SIV), and were sacrificed between 180 and 200 days after infection. The other four exhibited signs of progression to AIDS and were sacrificed between 56 and 82 days after infection. After terminal anesthesia, animals were intracardially perfused with sterile PBS containing 1 U/ml heparin. Brain tissue samples were taken for cell isolation, virus quantification, and formalin fixation for histology. Brain samples from six older, uninfected macaques, with age between 18 and 23 years old, were kindly donated by the NIH National Institute of Aging Non Human Primate Tissue Repository, at the Wisconsin National Primate Center.
SIV Viral Load in the Brain Brain SIV RNA was calculated in frontal cortical brain fragments by using a quantitative branched DNA signal amplification assay, performed by Siemens Clinical Laboratory (Emeryville, CA).
Microglial Cell Isolation The brain tissue was removed at necropsy after intravascular perfusion. For isolation of cells from the brain, the brain was carefully freed of meninges. Brain immune cells were isolated from all representative areas of the brain, by enzymatic digestion of minced tissue, followed by Percoll (Sigma-Aldrich) gradient, as described previously (Marcondes et al. 2001) . The isolated cells were quantified in a Z2 Coulter Counter (Beckman Coulter, Brea, CA), and further characterized by flow cytometry, using antiCD11b (clone M1/70, BD Bioscience, San Diego, CA), anti-CD45LCA (clone 2B11, BD Biosciences, San Diego, CA), anti-human CD14 (clone M5E2, BioLegend, San Diego, CA), anti-human CD16 (clone 3G8, BD Bioscience) antimonkey CD3-biotin (clone FN-18, Invitrogen Biosource, Carlsbad, CA) followed by streptavidin-PerCP or -APC (BD Bioscience), and anti-human CD8-PE, −FITC, or -PeCy5 (clone DK25, Dako, Carpinteria, CA), or isotype controls (BD Bioscience). Stained cells were acquired by a FACSCalibur (BD Bioscience, San Jose, CA) flow cytometer, and analyzed in FlowJo 6.2.1 software (Tree Star Inc., Ashland, OR), as previously described(; Marcondes et al. 2001 ).
Samples, Labeling and Gene Array Gene analysis was performed on cryopreserved microglial cells, by custom Miltenyi Biotec Array Services. All samples were individually performed in duplicate. RNA was isolated from all macaques using standard RNA extraction protocols (NucleoSpin RNA II, Macherey-Nagel). Quality of the samples was checked via Agilent 2100 Bioanalyzer platform (Agilent technologies). A RNA integrity number (RIN) was calculated by a proprietary algorithm that takes several QC parameters into account, such as 28S/18S RNA peak area ratios and unexpected peaks in the 5S RNA region, and RIN number of 10 indicates high quality, and 1 low quality. A RIN >6 is of sufficient quality for gene expression profiling experiments ). All samples, except for 1 (animal 492 -Normal control) showed values above 6. That animal was excluded from the analysis, leaving the healthy control group with an n = 4. For the linear T7-based amplification step, 100 ng of each total RNA sample was used. To produce Cy3-labeled cRNA, the RNA samples were amplified and labeled using the Agilent Low Input Quick Amp Labeling kit (Agilent technologies) following the manufacturer's protocol. Yields of cRNA and the dye incorporation rate were measured with the ND-1000 spectrophotometer (Nanodrop Technologies). The hybridization procedure was performed according to Agilent 60-mer 0ligo microarray processing protocol using the Agilent gene expression hybridization kit (Agilent Technologies). Briefly, 1.65μg Cy3-labeled fragmented cRNA in hybridization buffer was hybridized overnight (17 h, 65oC) to Agilent Whole Rhesus monkey Genome oligo microarrays 4x44K (one-color) using Agilent's recommended hybridization chamber and oven. Finally, the microarrays were washed once with the Agilent Gene expression wash buffer 1 for 1 min at room temperature, followed by a second wash with pre-heated Agilent Gene expression wash buffer 2 (37oC) for 1 min. The last washing step was performed with acetonitrile. Fluorescent signals of the hybridized microarrays were detected using Agilent's microarray Scanner System (Agilent Technologies). The Agilent Feature extraction software (FES) was used to read out and process the microarray image files, determining feature intensities (including background subtraction), rejecting outliers and calculating statistical confidences. For determination of differential gene expression FES derived output data files were further analyzed using Rosetta Resolver gene expression data analysis system (Rosetta Biosoftware), for comparing two single intensity profiles in a ratio experiment.
Systems Analysis Pathway assignments and functional annotations were analyzed using DAVID Bioinformatics Database (Huang et al., 2009) . To complete the bioinformatics analysis, two knowledge base resources were queried: the Ingenuity Knowledge Base (Calvano et al. 2005 ) and an interaction repository, which is based on cpath (Cerami et al. 2006; Cerami et al. 2011; Cline et al. 2007) (Shannon et al. 2003) .
Quantitative RT-PCR First Strand kit (Qiagen) was used for cDNA synthesis. Primers were purchased from Qiagen (Valencia, CA) for detection of relative levels using SyBrGreen/ROX mix (Qiagen) in an ABI HT7900 machine. Data was analyzed with Sequence Detection System software and normalized with GAPDH and 18S expression.
ChIP-Seq A ChIP reaction was carried out with 30μg of microglia chromatin and anti-Sirt-1 antibody (Millipore). The ChIP DNA was processed into an Illumina ChIP-Seq library and sequenced to generate >2 million reads, which were aligned to the M.mulatta genome annotation (MacaM/ Oct 2014 assembly) and 6.2 million unique aligns (removed duplicates) were obtained. A signal map showing fragment densities along the genome was visualized in the Integrated Genome Browser (IGB) and MACS peak finding was used to identify peaks. Control data was derived from 5.1 million (positive control) and 5.8 million (negative control) alignments. With default settings, 2141 Sirt-1 meaningful peaks genome-wide were identified. Raw data and metadata are available at GEO GSE95793.
Immunohistochemistry (IHC) Formalin-fixed, paraffin embedded brain tissue was sectioned and the detection of molecular markers was performed using antibodies against Iba-1 (AIF1 -WAKO, Richmond, VA), CD163 (Vector Labs, Burlingame, CA), Mac3 (BioLegend, San Diego, CA) and glial fibrillary acidic protein (GFAP, Dako, Carpinteria, CA), as well as IRF1 (Novus Biologicals, Littleton, CO), IRF7 (Novus), and IFIT1 (Novus), using standard procedures (Bortell et al. 2015) . The secondary antibodies were biotinilated (Vector Labs, Burlingame, CA), and were followed by Streptavidin-HRP, and were developed using NovaRed (Vector Labs).
THP1 Cell Culture and In Vitro Treatments THP-1 cells, a promonocytic cell line, were cultured in RPMI 1640 (Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (Gemini Bio-Products, West Sacramento, CA), 10 mM Hepes, 0.1 mM MEM non-essential amino acids, 1 mM sodium pyruvate, and 100 nM penicillin/ streptomycin (Life Technologies). The cells were maintained at a low density (2.5 × 10 5 /ml) with media being refreshed every three days and were maintained at 5% CO2, 37°C. The basal cells were stimulated with 6μg/ml of CpG ODN, and/or the 100uM of the Sirt-1 inhibitor Sirtinol for 24 h. RNA was extracted from the cell pellets for determination of AIF1, IFIT1, IRF1 and IRF7, using primers purchased from Qiagen, and using SyBr Green qRT-PCR (Qiagen). Values were normalized againt the expression of GAPDH.
Human Blood Samples Human blood from 7 adult individuals, 4 males and 3 females, was obtained through the Scripps Research Institute Normal Blood Donor Service, under the IRB number 17-6927 approved to MCGM, and under informed consent. Fifty ml of EDTA-treated blood from each individual donor was centrifuged at 1500 rpm at 4oC for separation of plasma and isolation of leukocyte buffy coats. Leukocytes were resuspended in complete RPMI and layered over the same volume of Histopaque 1077 (Sigma Aldrich), then centrifuged at 2000 rpm for 20 min at room temperature. The leukocyte ring was washed twice at 1200 rpm, then twice more at 900 rpm for platelet separation. The cell pellet was incubated with CD14 magnetic beads (Myltenyi Biotec, Auburn, CA, USA), and separated using magnetic columns, following manufacturer's protocols. The cell purity was confirmed using PE-labelled anti-human CD11b (clone HI11b, Biosource, San Diego, CA). The cells were plated at 2.5 × 10 6 /ml cell density and let rest overnight, before stimulation. The stimulation was performed with 6μg/ml of CpG ODN, or with 1, 10 and 30 ng/ml of HIV-1 IIIB Tat recombinant peptide (10 ng/ml is shown in Fig. 8 ; Catalog 2222, NIH AIDS Reagent Program), and/or the 100uM of the Sirt-1 inhibitor Sirtinol for 24 h. RNA was extracted from the cell pellets for determination of AIF1, IFIT1, IRF1, IRF7, as well as Sirt1, in triplicates, using primers purchased from Qiagen, and using SyBr Green qRT-PCR (Qiagen). Values were normalized against the expression of GAPDH.
Statistical Analysis Statistical analysis was performed using Prism software (GraphPad, La Jolla, CA). One-way ANOVA followed by Bonferroni's multiple comparisons were performed as applicable. Human samples were analyzed using repeated measures ANOVA, followed by Tukey test.
